Abstract. 3-Alkylindoles have been prepared in 91~99% excellent yields by alkylation of indoles with epoxides or alcohols catalyzed by the recyclable heteropoly acid based supported functionalized ionic liquid H 2 PMo 12 O 40 -NMPIL@SiO 2 under heterogeneous catalysis at room temperature. The influence of various reaction parameters including catalyst selection, catalyst amount, reaction time, solvent, and reaction temperature were studied. The heterogeneous supported catalyst was easily recoverable by filtration, and could be used for six consecutive runs without significant loss in catalytic activity. This study demonstrated a green and highly efficient chemistry technology in the preparation of 3-alkylindoles.
Introduction 3-Alkylindoles are important heterocyclic compounds and have been widely used for the production of a variety of chemicals [1] [2] [3] [4] . Nowadays, numerous methods have been developed for the preparation of these molecules, and a classical method constitutes the alkylation of indole [5] . Conventionally, the common protocol for the assembly of these compounds is the alkylation of indoles with halides [6, 7] . However, these protocols suffered from some drawbacks such as the use of stoichiometric amount of Lewis acid and generation of vast amounts of corrosive wastes. In order to overcome these problems, many efforts have been developed for the catalytic alkylation of indoles, and various compounds were used as nucleophiles including imines [8, 9] , nitroalkenes [10, 11] , ketones [12] [13] [14] [15] , aldehydes [16, 17] , epoxides [18] [19] [20] [21] , alcohols [22] [23] [24] [25] , N-Boc aminals [26] , 2-enoylpyridine-N-oxides [27] , p-quinols [28] , and others [29] [30] [31] [32] [33] . Among these nucleophiles, epoxides and alcohols have attracted more interesting owing to the fact that their alkylation reactions with indoles are atom economic [18] [19] [20] [21] [22] [23] [24] [25] . However, most of these methods still suffer from several shortcomings such as elevated reaction temperatures, long reaction times, high cost, and unsatisfactory yields. Therefore, there is an enormous demand for the development of environmentally benign and efficient methods for the direct catalytic alkylation of indoles with epoxides or alcohols that address these drawbacks under mild reaction conditions. Ionic liquids (ILs) are well-known green reaction media and catalysts because of their outstanding and unique properties [34] [35] [36] . Examples of their applications in the alkylation of indoles were reported [15, 37] . Although their good catalytic activities in the reaction, they have some problems such as partially ILs wasted and difficulties in separating catalysts from products after the reaction. Immobilized ILs have the attractive features of ILs and heterogeneous catalysis, such as easy catalyst recovery, high efficiency, high stability and recyclability. Thus, this problem can be overcome by immobilizing the traditional IL on solid supports [38] [39] [40] [41] [42] [43] . Various methods have been developed for immobilization of ILs on solid supports such as alumina, titania, silica, etc, and silica was found to be one of the most effective one [42] . In the present study, a series of silica supported functionalized ionic liquids have been synthesized and characterized, which exhibited good chemical and thermal stability, and were applied as a type of novel heterogeneous catalyst in the preparation of 3-alkylindoles by alkylation of indoles with epoxides or alcohols (Scheme 1). 
Results and discussion
The supported ILs catalysts, anion-NMPIL@SiO 2 , were prepared according to reported process [40] [41] [42] [43] [44] [45] [46] [47] [48] in three steps, Scheme 2 presents the synthetic strategy for the supported ILs. Cl-NMPIL was firstly prepared by the reaction of 1-methylpyrrolidin-2-one with (3-chloropropyl) triethoxysilane in toluene under refluxed conditions, and then the anion-exchange reactions were happened by treating Cl-NMPIL with LiNTf 2 , NaBF 4 , KPF 6 The characterization of the supported ILs were using FT-IR, XRD, UV-Vis, SEM, EDX and TG analysis. The FT-IR spectra of the supported ILs are shown in Fig. 1 . The characteristic bonds at about 3015, 2820, 1775, and 1560 cm -1 , which were assigned to the butyl inner amide ring [44] . The peaks observed at about 1080 and 970 cm −1 were belonged to the stretching vibration of Si-O-Si. The peaks at about 3500, 2970 and 1310 cm -1 are attributed to C-H stretching of alkyl chain. The peaks observed at 1358, 1192, 1050 cm -1 (Fig. 1a) , 1718, 875 cm −1 (Fig. 1b) , 827 cm −1 (Fig. 1d) , 1542, 1450 cm −1 (Fig. 1e) , 1065 cm −1 (Fig. 1f) , 510 cm −1 (Fig. 1g) , and 1025 cm −1 (Fig. 1h) [49] . [41] . The absence of obvious characteristic peaks of anions of ILs in the XRD patterns suggests that the anion is well-dispersed on the surface and in the channels of the SiO 2 support. Fig. 3 showed the diffuse reflectance UV-Vis spectra of the supported ILs. All the supported ILs exhibit a peak around 235 nm, which are assigned to the O-Si transition [38] . In addition to this peak, another peak appeared at around 500 nm in Fig. 3c , which is likely to be associated with O-Mo ligand to metal charge transfer [50] . The surface morphology and chemical composition of the supported ILs were analyzed by SEM and EDX. SEM images of the supported ILs and silica gel are shown in Fig. 4a -i, it clearly observed that all the ILs particles were well-defined, and the particle size of the ILs is smaller to that of silica gel. Compared to silica gel, the surface of the supported ILs turned smooth and soft, and the images of the supported ILs shows highly uniform particles. Fig. 5 displayed the EDX analysis of the supported ILs. EDX obtained from SEM showed the presence of the expected elements in their structure. The overall thermal stability of the supported ILs were conducted through TG analysis. In the TG curve, as shown in Fig. 6 , the observed organic materials weight loss of the supported ILs showed a mass weight loss of ~17.5 % (Fig. 6a) , ~52.8 % (Fig. 6b ), ~11.2 % (Fig. 6c ), ~14.3 % (Fig. 6d) , ~20.4 % (Fig. 6e) , ~13.1 % (Fig. 6f) , ~29.8 % (Fig. 6g) , ~39.4 % (Fig. 6h ) on heating to 800 °C. The small weight loss before 210 °C is related to the desorption of adsorbed water, indicating a considerably thermal stability up to 210 °C. There existed drastic weight loss between 210 and 460 °C is attributed to the breakdown of the organic moieties. From the curves depicted, it demonstrated that the supported ILs are thermally stable below about 210 °C. In order to optimize the reaction conditions and test the catalytic activities of the synthesized supported ILs, initially we selected the alkylation of indole with 2-phenyloxirane for the preparation of 2-(1H-indol-3-yl)-2-phenylethanol as a model reaction and the proper chosen of ILs were examined for this reaction. A series of supported ILs catalysts such as NTf 2 
The influence of different solvents on the alkylation were investigated (Fig. 7) . Solvents such as CH 3 CN, ether, hexane provided slightly lower yields, whereas other solvents such as ethyl acetate, water, THF, and acetone produces bad yields and selectivities. The studies revealed that the reaction medium has important influence on the reaction, and CH 2 Cl 2 was identified as the optimal solvent, with the yield 93% and selectivity > 99% being achieved after 1.5 h. It was found that the alkylation was significantly affected by the amount of supported catalyst (Fig. 8) . The reaction did not perform in the absence of H 2 PMo 12 O 40 -NMPIL@SiO 2 . As expected, the reaction activity was strengthened with the increase of the catalyst amount, the product yield and selectivity raised with the amount of catalyst increased to 1.2 mol%. However, there was no substantial change in the yield and selectivity with further increasing the amount of catalyst, while decreased the amount of catalyst resulted in lowering the yield and selectivity. Therefore, the best result was obtained by carrying out the reaction with a catalyst amount of 1.2 mol%. Fig. 9 . Results showed that the product yield in each run with no notable decline in catalytic efficiency, suggesting that the catalyst could be recovered and recycled up to six runs with no significant loss of catalytic activities. The recovered catalyst after six runs had no obvious change in the morphology and size, referring to the SEM image in comparison with fresh catalyst (Fig. 4j) . Furthermore, XRD diffractogram of the catalyst after six runs revealed that H 2 PMo 12 O 40 -NMPIL@SiO 2 preserved its original crystallinity during the reaction (Fig. 10) . With the optimized reaction conditions in hand, a series of indoles and epoxides were tested to investigate the generality and scope of H 2 PMo 12 O 40 -NMPIL@SiO 2 . The alkylations of indole with various epoxides successfully proceeded to give the corresponding alcohols ( Table 2 , entries 1-6), whilst aliphatic oxiranes significantly decreased the reaction rate, and good yields were obtained after prolonged reaction time (Table 2 , entries 5 and 6). On the other hand, other indoles such as 2-methyl-1H-indole, 5-methoxy-1H-indole and 5-nitro-1H-indole were also studied in the alkylation (Table 2 , entries 7-9), good to excellent yields of the desired products were afforded. It was observed that the tested substituted indoles bearing electron-releasing groups furnished higher reaction rates than those with electron-withdrawing groups. To expand the scope of catalyst's application, the alkylation of indoles with various alcohols were investigated. It was founded that the suitable reaction conditions were similar as the alkylation of indoles with epoxides. Initial experiments with using indole and benzyl alcohol were performed to establish the optimum conditions. As expected, CH 2 Cl 2 was the efficient solvent and the effect of catalysts were also examined, the best result was the use of catalyst H 2 PMo 12 O 40 -NMPIL@SiO 2 (Fig. 11) . Next, we evaluated the different amount of H 2 PMo 12 O 40 -NMPIL@SiO 2 for the alkylation, and it was found that 3.0 mol % of catalyst gave the best product yield and selectivity at room temperature for 2.5 h (Fig. 12) . Therefore, the catalytic activities of H 2 PMo 12 O 40 -NMPIL@SiO 2 for various substrates were assessed and the results are shown in Table 3 . A variety of indoles were reacted with alcohols, which gave the desired products in good to excellent yields (Table 3 , entries 1-10). It was found that indoles containing electron-releasing groups were more reactive than those with electron-withdrawing groups. As expected, the best yields were obtained with aryl alcohols (Table 3 , entries 1-6 and 8-10). In the case of cyclohexanol, good yield of the product was obtained with longer reaction time (Table 3, entry7). From these results, a possible reaction mechanism of the alkylation reaction of indoles with epoxides and alcohols in the presence of H 2 PMo 12 O 40 -NMPIL@SiO 2 was proposed and depicted in Scheme 3 based on the previous literatures [18] [19] [20] [21] [22] [23] [24] [25] . In this alkylation, the catalyst H 2 PMo 12 O 40 -NMPIL@SiO 2 provides a source of H (+). At first, the substrate epoxide or alcohol was activated by H 2 PMo 12 O 40 -NMPIL@SiO 2 to form the complex 1 and then was protonated to generate a stable cation 2, which reacted with indole to produce complex 3 via its nucleophilic attack. Subsequent elimination of proton (H+) to afford the desired product. 
Conclusion
In conclusion, we have developed a novel and highly efficient chemical process for the preparation of 3-alkylindoles by alkylation of indoles catalyzed by supported functionalized ionic liquid H 2 PMo 12 O 40 -NMPIL@SiO 2 at room temperature. Various indoles were reacted with epoxides or alcohols to give the corresponding 3-alkylindoles in good to excellent yields with high selectivities under mild conditions. This process was endowed with some attractive features, such as short reaction times, high yields, simple experimental procedure, good generality, easy recoverability and recyclability of catalyst. The above study would provide a green and highly efficient chemistry technology towards the preparation of 3-alkylindoles.
Experimental General
The reagents and solvents were purchased from Aldrich. Powder X-ray diffraction (XRD) patterns were collected on a Rigaku Ultima IV diffractometer. Scanning electron microscopy (SEM) and Energy dispersive X-ray (EDX) analysis were carried out on a JSM-7500F Scanning Electron Microscope. FTIR spectra were recorded on a Nicolet Nexus 470 Fourier transform infrared spectrometer. UV-Vis spectra were recorded on a Shimadzu UV-2450 spectrometer. Thermogravimetric analysis (TG) were measured on a Netzsch Thermoanalyzer STA 449. HPLC experiments were performed on a Shimadzu SCL-10A chromatograph. NMR spectra were recorded in CDCl 3 at room temperature on a Bruker 400 MHz spectrometer. HRMS measurements were performed on a Waters Synapt spectrometer. Elemental analysis were performed on a Vario EL III instrument.
Preparation of supported ILs anion-NMPIL@SiO 2
Preparation of 1 Cl-NMPIL [44] : 1-methylpyrrolidin-2-one (99 g, 1 mol), (3-chloropropyl) triethoxysilane (241 g, 1 mol), toluene (700 mL) were refluxed for 72 h, and then the solvent was evaporated to give Cl-NMPIL. Preparation of 2 anion-NMPIL [45] [46] [47] [48] [40] [41] [42] [43] 47] : anion-NMPIL (0.01 mol), activated silica (40 g), and toluene (500 mL) were stirred under reflux conditions for 24 h, the mixture was filtrated and washed with CH 2 Cl 2 (3×20 mL), and dried under vacuum to afford the supported ILs anion-NMPIL@SiO 2 .
Preparation of 3-alkylindoles
A mixture of indole (0.1 mol), alcohol or epoxide (0.1 mol), CH 2 Cl 2 (20 mL), and H 2 PMo 12 O 40 -NMPIL@SiO 2 (1.2 mol% or 3.0 mol %) was stirred at room temperature for the desired time. The reaction progress was monitored by TLC and HPLC. Upon completion, the catalyst was filtered off and washed with ethanol (20 mL) and dried under vacuum. The filtrate was concentrated under reduced pressure and the crude product was purified by silica gel chromatography using ethyl acetate/petroleum ether cyclohexane as eluents to give the pure product. Fresh substrates were then recharged to the recovered catalyst and then recycled under identical reaction conditions. All products were identified by comparing their physical and HPLC spectra with those of commercial materials [19-21, 23-25, 51] . Spectroscopic data for products are as follows. 
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